
The quartic Higgs self-coupling at 
future hadron colliders

Luca Rottoli

University of Milan-Bicocca

Based on 1810.04665 with W. Bizon and U. Haisch

REINVENT



Higgs Couplings 2018, Tokyo, 29 November 2018

VSM =
m2

h

2
h2 + λSMvh3 +

γSM

4
h4

The Standard Model (SM) Higgs potential

λSM = γSM =
m2

H

2v2
∼ 0.13

v ≃ 246 GeV discovery of the W and Z bosons

mH ≃ 125 GeV discovery of the Higgs boson at the LHC

λSM, γSM essentially untested 

1



Higgs Couplings 2018, Tokyo, 29 November 2018

VSM =
m2

h

2
h2 + λSMvh3 +

γSM

4
h4

The Standard Model (SM) Higgs potential

double-Higgs 
production

triple-Higgs 
production

v ≃ 246 GeV discovery of the W and Z bosons

mH ≃ 125 GeV discovery of the Higgs boson at the LHC

essentially untested 

λSM = γSM =
m2

H

2v2
∼ 0.13

λSM, γSM

1



Higgs Couplings 2018, Tokyo, 29 November 2018

Higgs production at hadron colliders
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Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [15, 28–38] to the case of the h4 vertex. Specifically, we consider the con-
straints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-loop
amplitudes and combine them with the exactO(↵2

s) matrix elements [5–7]. This allows us to predict
the cross section and various distributions for double-Higgs production at the next-to-leading or-
der (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-couplings.
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Multi-higgs production rate are small in the SM

LHC: O(1) determinations of the cubic Higgs self-coupling
HE-LHC: prospects of extracting the cubic Higgs self-coupling with O(20%)
FCC-pp: weak bounds on the quartic self-coupling by measuring hhh production
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Higgs production at hadron colliders

Indirect constraints on the quartic Higgs self-coupling 
from double-Higgs production measurements

pp → h

pp → hh

pp → hhh

10 20 50 100
10-5

10-3

10-1

101

103

LHC HE-LHC FCC-pp

s [TeV]

σ
[p
b]

hh/hhh

h/hh

10 20 50 100

250

500

1000

2000

LHC HE-LHC FCC-pp

s [TeV]

cr
os
ss
ec
tio
n
ra
tio

Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [15, 28–38] to the case of the h4 vertex. Specifically, we consider the con-
straints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-loop
amplitudes and combine them with the exactO(↵2

s) matrix elements [5–7]. This allows us to predict
the cross section and various distributions for double-Higgs production at the next-to-leading or-
der (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-couplings.

– 2 –

pp → h

pp → hh

pp → hhh

10 20 50 100
10-5

10-3

10-1

101

103

LHC HE-LHC FCC-pp

s [TeV]

σ
[p
b]

hh/hhh

h/hh

10 20 50 100

250

500

1000

2000

LHC HE-LHC FCC-pp

s [TeV]

cr
os
ss
ec
tio
n
ra
tio

Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [15, 28–38] to the case of the h4 vertex. Specifically, we consider the con-
straints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-loop
amplitudes and combine them with the exactO(↵2

s) matrix elements [5–7]. This allows us to predict
the cross section and various distributions for double-Higgs production at the next-to-leading or-
der (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-couplings.

– 2 –

Multi-higgs production rate are small in the SM

LHC: O(1) determinations of the cubic Higgs self-coupling
HE-LHC: prospects of extracting the cubic Higgs self-coupling with O(20%)

FCC-pp: weak bounds on the quartic self-coupling by measuring hhh production

Idea already explored in the literature to constrain the trilinear coupling Talk by Davide Pagani
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SM effective field theory (EFT) 

V ⊃ κ3λvh3 + κ4
λ
4

h4 if physics beyond SM is presentκ3, κ4 ≠ 1

ℒSMEFT ⊃ 𝒪6 + 𝒪8 = −
c̄6

v2
H

6 −
c̄8

v4
H

8

c̄8

Consider operators of dimension 6 and 8 in the SMEFT

No assumption about the actual size of     and    : cubic and quartic Higgs self-
couplings can deviate independently from the SM predictions

κ3 = 1 + Δκ3 = 1 + c̄6 + 2c̄8 κ4 = 1 + Δκ4 = 1 + 6c̄6 + 16c̄8

c̄6

If O6 is the only numerically relevant operator, strong correlation

Δκ4 = 6Δκ3
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Anatomy of double-Higgs production

𝒜(gg → hh) = δa1a2ϵμ
1 (p1)ϵν

2(p2)(
2

∑
m=1

Tmμνℱm)
T1 μν = ημν −

p1 νp2 μ

p1 ⋅ p2

−2 (p2 ⋅ p3) p1 ν p3 μ + 2 (p1 ⋅ p2) p3 μp3 ν )
T2 μν = ημν +

1
p2

T (p1 ⋅ p2) ( m2
h p1 ν p2 μ − 2 (p1 ⋅ p3) p2 μp3 ν

σLO = σ0 ∫ dt( |ℱ1 |2 + |ℱ2 |2 )

Double-Higgs production now know at NLO QCD with mass dependence

NNLO QCD with mass dependence at NLO QCD
[1604.06447,1608.04798,1703.09252] [1811.05692 ]

[1803.02463]

[Glover, der Bij 1988]
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Two-loop form factor (1)
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Figure 3. Real part (left panel) and imaginary part (right panel) of the function f (ŝ) (upper row) and
g(ŝ) (lower row) introduced in (3.7) and (3.9), respectively

tion to the spin-0 form factor F1 depends only on ŝ but not on the other two Mandelstam vari-
ables t̂, û

�
or the combination p2

T introduced in (3.5)
�
. Second, the correction to the spin-2 form

factor F2 turns out to be identical to zero. The first feature is readily understood by noticing that the
momentum routing in the two diagrams in Figure 2 can be chosen such that the external momenta
only enter in the combination p1 + p2. Due to Lorentz invariance the corresponding Feynman in-
tegrals can thus only depend on ŝ = (p1 + p2)2 = 2p1 · p2. The vanishing of the correction �F2 to
the spin-2 form factor follows for instance from the observation that the vertex h4 can e↵ectively
be generated via the s-channel exchange of a heavy scalar S that interacts with the Higgs boson
through a term of the form S h2. As a result the graphs in Figure 2 are mathematically equivalent
to the o↵-shell production of a heavy CP-even spin-0 state that subsequently decays to hh. The
corresponding scattering amplitude has evidently no spin-2 component.
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g(ŝ) (lower row) introduced in (3.7) and (3.9), respectively

tion to the spin-0 form factor F1 depends only on ŝ but not on the other two Mandelstam vari-
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Δℱκ4
1 =

αs

4π
λ κ4

(4π)2
y2

t f( ̂s) Δℱκ4
2 = 0

Two-loop integrals evaluated numerically using pySecDec package
[1204.4152,1502.06595,1703.09692]
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Δℱκ3κ4
1 =

αs

4π
λ κ3

λ κ4

(4π)2
g( ̂s) Δℱκ3κ4

2 = 0

Two-loop form factor (2)

Function g(s) can be calculated analytically
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Results for double- and triple-Higgs production

Double-Higgs production: numerical results obtained using a customized version 
of POWHEG-BOX of the NLO QCD calculation

Triple-Higgs production: numerical results obtained using MadGraph5_amc@NLO; 
NLO QCD corrections obtained applying an overall normalization [1408.6542]

[1604.06447,1608.04798,1703.09252] 

final state:bb̄γγ
estimated total uncertainty (th+exp) 

15% (HE-LHC, 15 ab-1), 5% (FCC-pp, 30 ab-1)

final state:bb̄bb̄γγ
simulations of relevant backgrounds (                     ) 
within selection cuts 

bb̄bb̄γγ, hhbb̄
[1508.06524][1606.09408] 

FCC-pp, 30 ab-1: exclusion of triple-Higgs 
production cross-section 2 x (SM value)

HE-LHC, 15 ab-1: exclusion of triple-Higgs 
production cross-section 11 x (SM value)
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Inclusive double- and triple-Higgs production
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Figure 5. Hypothetical constraints in the �3 –�4 plane. The red and green contours correspond to the
allowed regions in parameter space that arise from double-Higgs and triple-Higgs production, respectively,
while the yellow regions are obtained by a combination of the two constraints requiring ��2 = 5.99. In both
panels the SM is indicated by the black point and the black dashed line corresponds to �4 = 6�3. The
results in the left (right) panel have been obtained by assuming that the double-Higgs production cross
section has been measured with an accuracy of 15% (5%) at the HE-LHC (FCC-pp). In the case of triple-
Higgs production, our projection is instead based on the assumption that cross section values that are larger
by a factor of 11 (2) than the SM value are experimentally disfavoured by the HE-LHC (FCC-pp) at 95% CL.
See text for further explanations.

to exclude triple-Higgs production cross sections that are larger than the SM prediction by a factor
of approximately 11.

The two panels in Figure 5 display the expected exclusion sensitivity in the �3 –�4 plane for
the 27 TeV HE-LHC (left) and a 100 TeV FCC-pp collider (right) with 15 ab�1 and 30 ab�1 of inte-
grated luminosity, respectively. The red and green curves illustrate the limits from measurements
of the double-Higgs and triple-Higgs production cross sections with the accuracy discussed above,
while the yellow regions are the ��2 = 5.99 contours (corresponding to a 95% CL for a Gaussian
distribution) that derive from a combination of the two measurements in the form of a �2 fit. The
SM point is indicated by the black dots. One observes that the constraints that arise from the hypo-
thetical measurements of double-Higgs production have the form of diamond-shaped bands. The
widths of the bands is determined by the accuracy of the associated measurement of the inclusive
pp! hh cross section, and as a result the band is narrower by a factor of around 3 for the FCC-pp
than the HE-LHC. The shape of the constraints from triple-Higgs production instead depends on
whether a future hardron collider can set an O(10) or an O(1) bound on the cross section. If, like in
the case of the HE-LHC, only rough limits can be obtained the triple-Higgs constraint has the form
of a banana that extends along the �3 axis, while the allowed region turns out to be oval-shaped, if
a future hadron collider such as the FCC-pp is able to probe triple-Higgs production cross sections
at the SM level.

– 10 –

-4 -2 0 2 4 6

-100

-50

0

50

100

Δκ3

Δ
κ 4

HE-LHC

-2 -1 0 1 2 3 4

-10

0

10

20

Δκ3

Δ
κ 4

FCC-pp

Figure 5. Hypothetical constraints in the �3 –�4 plane. The red and green contours correspond to the
allowed regions in parameter space that arise from double-Higgs and triple-Higgs production, respectively,
while the yellow regions are obtained by a combination of the two constraints requiring ��2 = 5.99. In both
panels the SM is indicated by the black point and the black dashed line corresponds to �4 = 6�3. The
results in the left (right) panel have been obtained by assuming that the double-Higgs production cross
section has been measured with an accuracy of 15% (5%) at the HE-LHC (FCC-pp). In the case of triple-
Higgs production, our projection is instead based on the assumption that cross section values that are larger
by a factor of 11 (2) than the SM value are experimentally disfavoured by the HE-LHC (FCC-pp) at 95% CL.
See text for further explanations.

to exclude triple-Higgs production cross sections that are larger than the SM prediction by a factor
of approximately 11.

The two panels in Figure 5 display the expected exclusion sensitivity in the �3 –�4 plane for
the 27 TeV HE-LHC (left) and a 100 TeV FCC-pp collider (right) with 15 ab�1 and 30 ab�1 of inte-
grated luminosity, respectively. The red and green curves illustrate the limits from measurements
of the double-Higgs and triple-Higgs production cross sections with the accuracy discussed above,
while the yellow regions are the ��2 = 5.99 contours (corresponding to a 95% CL for a Gaussian
distribution) that derive from a combination of the two measurements in the form of a �2 fit. The
SM point is indicated by the black dots. One observes that the constraints that arise from the hypo-
thetical measurements of double-Higgs production have the form of diamond-shaped bands. The
widths of the bands is determined by the accuracy of the associated measurement of the inclusive
pp! hh cross section, and as a result the band is narrower by a factor of around 3 for the FCC-pp
than the HE-LHC. The shape of the constraints from triple-Higgs production instead depends on
whether a future hardron collider can set an O(10) or an O(1) bound on the cross section. If, like in
the case of the HE-LHC, only rough limits can be obtained the triple-Higgs constraint has the form
of a banana that extends along the �3 axis, while the allowed region turns out to be oval-shaped, if
a future hadron collider such as the FCC-pp is able to probe triple-Higgs production cross sections
at the SM level.
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Higgs production 
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Differential distributions in double-Higgs production
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Differential distribution fit
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Figure 7. Hypothetical constraints in the ∆κ3 –∆κ4 plane following from a shape analysis of the mhh

spectrum in pp → hh production at the HE-LHC (left panel) and FCC-pp (right panel). The green (yellow)

contours correspond to 68% CL (95% CL) regions. In both figures the SM is indicated by the black point

and the black dashed line represents the family of solutions that satisfy ∆κ4 = 6∆κ3. For further details

consult the text.

∆Rxy > 0.4 for x, y = j, b, γ. A flat b-tagging efficiency of 70%, and mis-tag rates of 15% for
charm quarks and 0.3% for light flavours are adopted. Events with more than three jets are vetoed,
and the requirements |mbb̄ − mh| < 25 GeV, |mγγ − mh| < 1 GeV and mhh > 400 GeV are imposed
as a final selection. The obtained mhh distributions have then been binned into bins of 25 GeV. Our
shape fit includes the statistical uncertainties in each bin as well as theoretical and experimental
systematic uncertainties of 3% and 2%, respectively. The quoted uncertainties have been treated as
uncorrelated Gaussian errors in the χ2 fit. We emphasise that our fit does not consider the impact
of backgrounds, but we have verified that with the described methodology we are able to repro-
duce almost exactly the CL-level curves presented in [17] for both the HE-LHC and FCC-pp. This
agreement gives us confidence that our simplified approach is able to mimic quite well the more
sophisticated analysis [17] that includes a simulation of all relevant SM backgrounds.

The results of our mhh shape analysis are shown in Figure 7. The green (yellow) regions are
the ∆χ2 = 2.28 (∆χ2 = 5.99) contours, corresponding to 68% CL (95% CL) limits for a Gaussian
distribution. In both panels the SM point is indicated by a black dot and the black dashed line
illustrates the equality ∆κ4 = 6∆κ3. From the panel on the left-hand side one sees that already at
the HE-LHC a shape analysis of the mhh distribution in pp → hh allows one to exclude choices in
the ∆κ3 –∆κ4 plane around {3, 4}, i.e. parameters that are expected to survive a combination of the
measurements of the inclusive double-Higgs and triple-Higgs production cross sections (see the
left panel in Figure 5). As a result, differential measurements of pp → hh at the HE-LHC should
be able to distinguish scenarios in which large modifications of both the h3 and h4 interactions
arise from the operator O6 or a combination of O6 and O8

'
cf. the text after (2.3)

(
. For κ3 = 1
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systematic uncertainties of 3% and 2%, respectively. The quoted uncertainties have been treated as
uncorrelated Gaussian errors in the χ2 fit. We emphasise that our fit does not consider the impact
of backgrounds, but we have verified that with the described methodology we are able to repro-
duce almost exactly the CL-level curves presented in [17] for both the HE-LHC and FCC-pp. This
agreement gives us confidence that our simplified approach is able to mimic quite well the more
sophisticated analysis [17] that includes a simulation of all relevant SM backgrounds.
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the HE-LHC a shape analysis of the mhh distribution in pp → hh allows one to exclude choices in
the ∆κ3 –∆κ4 plane around {3, 4}, i.e. parameters that are expected to survive a combination of the
measurements of the inclusive double-Higgs and triple-Higgs production cross sections (see the
left panel in Figure 5). As a result, differential measurements of pp → hh at the HE-LHC should
be able to distinguish scenarios in which large modifications of both the h3 and h4 interactions
arise from the operator O6 or a combination of O6 and O8
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Degeneracy observed in the triple-Higgs production case now absent

Bounds weaker than triple-Higgs production measurements 

κ4 ∈ [−21,29] κ4 ∈ [−27,25]
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Global fit
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Figure 8. Hypothetical constraints in the �3 –�4 plane following from a combination of a shape analysis
of the mhh spectrum in pp ! hh production and a measurement of the inclusive production cross section of
pp ! hhh. The green (yellow) contours correspond to 68% CL (95% CL) regions and the left (right) panel
shows the HE-LHC (FCC-pp) projections. The SM solution is indicated by the black point and the black
dashed line represents the parameter choices satisfying �4 = 6�3. See text for additional details.

we find the following 95% CL range 4 2 [�46, 116]. As shown in the right panel in Figure 7,
at the FCC-pp the constraints in the �3 –�4 plane that follow from a mhh shape analysis are
expected to improve noticeable compared to the corresponding HE-LHC limits. Assuming again
that 3 = 1, the 95% CL range for the parameter 4 reads 4 2 [�17, 28]. Profiling over 3 by means
of the profile likelihood ratio [60], we obtain the following 95% CL bound 4 2 [�215, 151] and
4 2 [�27, 25] at the HE-LHC and the FCC-pp, respectively.

4.3 Global fit at the HE-LHC and a FCC-pp

The full potential of the HE-LHC and the FCC-pp in constraining simultaneously the coupling
modifications 3 and 4 can be assessed by combining the information on the di↵erential measure-
ments of pp ! hh with the expected accuracies in the determination of the inclusive pp ! hhh
production cross section. The outcome of such an exercise is presented in Figure 8. Here the
green (yellow) contours correspond to 68% CL (95% CL) regions, while the black dots represent
the SM point and the black dashed lines illustrate parameter choices of the form �4 = 6�3.
Numerically, we find that for 3 = 1, the 95% CL bounds on 4 from a global analysis of dif-
ferential double-Higgs and inclusive triple-Higgs data at the HE-LHC (FCC-pp) is 4 2 [�20, 29]
(4 2 [�5, 13]). Notice that these limits represent a slight improvement of the bounds derived
in Section 4.1 based on inclusive measurements alone. Profiling instead over 3, the following
95% CL bounds are obtained 4 2 [�17, 25] and 4 2 [�4, 12].
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dashed line represents the parameter choices satisfying �4 = 6�3. See text for additional details.
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in Section 4.1 based on inclusive measurements alone. Profiling instead over 3, the following
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κ4 ∈ [−4,12]Profiling over κ3 Profiling over κ3κ4 ∈ [−17,25]

κ4 ∈ [−5,13]κ4 ∈ [−20,29] κ3 = 1κ3 = 1

Combined constraints using hh differential distributions and inclusive hhh production
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Recapitulation

• We studied indirect constraints on the quartic Higgs self-coupling in double-
Higgs production measurement at future colliders 

• Differential measurements in pp→hh channel alone expected to lead to 
somewhat weaker determinations of quartic Higgs self-coupling than inclusive 
pp→hhh production 

• Combined measurements of differential distributions in double-Higgs production 
and inclusive triple-Higgs production:                    (HE-LHC),                  (FCC-pp) 

• Results can be compared to hypothetical constraints from HE e+e- machines: 

ILC-500 (                  ), ILC-3000 (               ), finding comparable potential for 
FCC-pp and ILC-3000

κ4 ∈ [−11,13]

κ4 ∈ [−4,12]κ4 ∈ [−17,25]

κ4 ∈ [−5,7]

[1802.07616][1803.04359]
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